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ABSTRACT

Recreational and medical use of cannabis among human immunodeficiency virus (HIV)-infected individuals has increased
in recent years. In simian immunodeficiency virus (SIV)-infected macaques, chronic administration of �9-tetrahydrocan-
nabinol (�9-THC) inhibited viral replication and intestinal inflammation and slowed disease progression. Persistent gas-
trointestinal disease/inflammation has been proposed to facilitate microbial translocation and systemic immune activa-
tion and promote disease progression. Cannabinoids including �9-THC attenuated intestinal inflammation in mouse
colitis models and SIV-infected rhesus macaques. To determine if the anti-inflammatory effects of �9-THC involved differ-
ential microRNA (miRNA) modulation, we profiled miRNA expression at 14, 30, and 60 days postinfection (days p.i.) in the
intestine of uninfected macaques receiving �9-THC (n � 3) and SIV-infected macaques administered either vehicle (VEH/
SIV; n � 4) or THC (THC/SIV; n � 4). Chronic �9-THC administration to uninfected macaques significantly and posi-
tively modulated intestinal miRNA expression by increasing the total number of differentially expressed miRNAs from 14
to 60 days p.i. At 60 days p.i., �28% of miRNAs showed decreased expression in the VEH/SIV group compared to none
showing decrease in the THC/SIV group. Furthermore, compared to the VEH/SIV group, THC selectively upregulated the
expression of miR-10a, miR-24, miR-99b, miR-145, miR-149, and miR-187, previously been shown to target proinflamma-
tory molecules. NOX4, a potent reactive oxygen species generator, was confirmed as a direct miR-99b target. A significant
increase in NOX4� crypt epithelial cells was detected in VEH/SIV macaques compared to the THC/SIV group. We specu-
late that miR-99b-mediated NOX4 downregulation may protect the intestinal epithelium from oxidative stress-induced
damage. These results support a role for differential miRNA induction in THC-mediated suppression of intestinal inflam-
mation. Whether similar miRNA modulation occurs in other tissues requires further investigation.

IMPORTANCE

Gastrointestinal (GI) tract disease/inflammation is a hallmark of HIV/SIV infection. Previously, we showed that chronic
treatment of SIV-infected macaques with �9-tetrahydrocannabinol (�9-THC) increased survival and decreased viral repli-
cation and infection-induced gastrointestinal inflammation. Here, we show that chronic THC administration to SIV-in-
fected macaques induced an anti-inflammatory microRNA expression profile in the intestine at 60 days p.i. These included
several miRNAs bioinformatically predicted to directly target CXCL12, a chemokine known to regulate lymphocyte and
macrophage trafficking into the intestine. Specifically, miR-99b was significantly upregulated in THC-treated SIV-infected
macaques and confirmed to directly target NADPH oxidase 4 (NOX4), a reactive oxygen species generator known to dam-
age intestinal epithelial cells. Elevated miR-99b expression was associated with a significantly decreased number of NOX4�

epithelial cells in the intestines of THC-treated SIV-infected macaques. Overall, our results show that selective upregula-
tion of anti-inflammatory miRNA expression contributes to THC-mediated suppression of gastrointestinal inflammation
and maintenance of intestinal homeostasis.

Increasing evidence suggests that both the natural and synthetic
forms of �9-tetrahydrocannabinol (e.g., Dronabinol) stimulate

appetite, increase weight gain, and improve the overall quality of
life of HIV-infected patients (1, 2). Recent advances in our under-
standing of its pharmacology and the role of the major cannabi-
noid receptor subtypes have resulted in the elucidation of the can-
nabinoid’s additional biomedical effects, particularly its capacity
for modulating the immune and inflammatory responses (3–5).
This is evident from recent reports demonstrating the anti-in-
flammatory properties of cannabinoids in numerous chronic in-
flammatory disorders, such as inflammatory bowel disease, ar-
thritis, autoimmune disorders, multiple sclerosis, etc. (6–8).

These findings are exciting and have created renewed interest in
determining the therapeutic potential of cannabinoids, especially
in modulating the immune/inflammatory responses in human
immunodeficiency virus (HIV)-infected individuals. Delineating
the effects of cannabinoids in the HIV-infected population is dif-
ficult and challenging due to the effects of various confounding
factors such as multidrug usage, nutritional status, and the dy-
namic nature of the disease process. Consequently, the simian
immunodeficiency virus (SIV)-infected rhesus macaque model is
beneficial in eliminating these variables, and our previous studies
have clearly shown that chronic �9-THC treatment attenuated
viral load and tissue inflammation, resulting in a significant de-
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crease in male rhesus macaque morbidity and mortality from SIV
infection (9–11).

The gastrointestinal (GI) immune system, the largest lym-
phoid organ, contains an abundant population of activated
CCR5/CD4� memory T cells and is a major target site for HIV/
SIV replication and dissemination (12–15). GI disease/inflamma-
tion, largely driven by proinflammatory cytokine production in
response to viral replication, is a hallmark feature of HIV/SIV
infection (16–18). Further, inflammation-induced disruption of
the intestinal epithelial barrier has also been proposed to facilitate
the translocation of luminal bacteria and their products, which
drives disease progression through localized and systemic im-
mune activation (19). Hence, there is a great need to identify the
mechanisms that curtail viral replication, immune activation, and
chronic persistent inflammation in HIV-infected individuals. In
this context, the potential for cannabinoids to modulate gastroin-
testinal function and inflammatory responses is strengthened by
the presence of cannabinoid receptors in the myenteric and sub-
mucosal plexus, including immune cells (B cells, NK cells, and
macrophages) residing in the lamina propria (20). Accordingly,
several studies have confirmed the ability of cannabinoids to sig-
nificantly alleviate the severity of colitis and to normalize intesti-
nal motility in experimental animal models of inflammatory
bowel and Crohn’s disease patients (21, 22). Further, and more
importantly, increased expression of the cannabinoid type-2 re-
ceptor (CB2) has been associated with anti-inflammatory effects
in the gastrointestinal tract (18, 19). Consistent with these find-
ings, we recently showed that chronic THC administration in SIV-
infected rhesus macaques was associated with increased survival
of T-cell populations and considerable protection of the GI tract
from crypt cell apoptosis and infection-related inflammation
(23). In addition, cannabinoids also suppressed HIV replication
in in vitro-cultured macrophages acting predominantly through
CB2 receptors (24).

While the effects of the cannabinoids on inflammation and
viral replication have been reported by others and confirmed by
our recent macaque studies (9, 23), mechanistic studies to eluci-
date these protective effects are needed. Several recent reports
have linked altered microRNA (miRNA) expression, a newly
identified class of noncoding RNAs that function to regulate gene
expression to alcohol, morphine, and cocaine addiction (25–29).
Although not related to HIV infection, these studies clearly sug-
gest that drugs of abuse can alter miRNA expression to produce
epigenetic effects. These findings also suggest that the protective

effects of cannabinoids may also be mediated by similar regulatory
factors/mechanisms (epigenetic) that need to be further investi-
gated and identified, especially as they relate to HIV infection. For
instance, several in vitro studies have shown altered miRNA ex-
pression in response to HIV infection (30–34), and recent miRNA
profiling studies performed on brain (35) and plasma samples
(36) provide strong evidence of their dysregulation during SIV
infection. In addition, we recently reported miR-190b to be sig-
nificantly upregulated in the intestine at all stages of SIV infection
(37) and that viral replication rather than infection-related in-
flammatory responses induced miR-190b upregulation (37). Fur-
ther, we also confirmed MTMR6, a PIP3 phosphatase and an in-
hibitor of CD4� T cell proliferation and activation, to be a direct
miR-190b target (37).

Although the GI tract/immune system is the major site for HIV
replication and pathogenesis, little is known about the effect of
THC on the GI tract during acute HIV/SIV infection. Moreover,
the extent to which the cannabinoids (both exogenous and endog-
enous) exert their anti-inflammatory effects by modulating the
expression of specific miRNAs is unknown. Therefore, we hy-
pothesized that THC may modulate the early events of HIV/SIV
pathogenesis in the GI tract by altering intestinal miRNA expres-
sion, particularly those miRNAs targeting proinflammatory me-
diators. In the present study, we profiled miRNA expression in
duodenal biopsy specimens/tissues collected from THC-treated
uninfected and SIV-infected rhesus macaques using the TaqMan
OpenArray human microRNA platform. Our results show that
THC alone induced significant alterations in miRNA expression
in the GI tract. Interestingly, compared to what was observed in
the VEH/SIV group, THC administration to SIV-infected ma-
caques resulted in the selective upregulation of a cluster of six
miRNAs previously shown to exert anti-inflammatory effects.
Among the six, we characterized the functional relevance of miR-
99b and found its expression to be significantly increased in THC-
treated SIV-infected macaques. We also found that a potent reac-
tive oxygen species (ROS) generator, NADPH oxidase 4 (NOX4),
was a direct target of miR-99b. Finally, we show that elevated
miR-99b expression in the duodenum of THC/SIV macaques was
accompanied by a significantly reduced number of NOX4� crypt
epithelial cells.

MATERIALS AND METHODS
Animal care, ethics, and experimental procedures. All experiments us-
ing rhesus macaques were approved by the Tulane and LSUHSC Institu-
tional Animal Care and Use Committee (Protocol No-3581). The Tulane
National Primate Research Center (TNPRC) is an Association for Assess-
ment and Accreditation of Laboratory Animal Care International accred-
ited facility (AAALAC number 000594). The NIH Office of Laboratory
Animal Welfare assurance number for the TNPRC is A3071-01. All clin-
ical procedures, including administration of anesthesia and analgesics,
were carried out under the direction of a laboratory animal veterinarian.
Animals were anesthetized with ketamine hydrochloride for blood collec-
tion procedures. Intestinal pinch biopsies were performed by laboratory
animal veterinarians. Animals were preanesthetized with ketamine hy-
drochloride, acepromazine, and glycopyrolate, intubated, and main-
tained on a mixture of isoflurane and oxygen. All possible measures were
taken to minimize discomfort of all the animals used in this study. Tulane
University complies with NIH policy on animal welfare, the Animal Wel-
fare Act, and all other applicable federal, state and local laws.

Animal model and experimental design. Twelve age- and weight-
matched male Indian rhesus macaques were randomly divided into 4
groups. Group 1 (n � 1) received vehicle (1:1:18 of emulphor:alcohol:
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saline) and no infection. Group 2 (n � 3) received twice-daily intramus-
cular injections of �9-THC and no infection. Group 3 (n � 4) received
twice-daily injections of vehicle (VEH) and were infected intravenously
with 100 50% tissue culture infective doses (TCID50) of SIVmac251.
Group 4 (n � 4) received twice-daily injections of �9-THC similar to
group 2 for 4 weeks prior to SIV infection. The animals were studied in
two cohorts (cohort 1 consisted of animals identified as HE44, GH61,
FE07, HH45, FT59, and GP68; cohort 2 consisted of IC52, HM74, HT49,
HN54, HN56, and HV47) (Table 1). Chronic administration of �9-THC
(or 0.05 ml/kg of body weight VEH) was initiated 4 weeks before SIV
infection at 0.18 mg/kg. This dose of THC was found to eliminate re-
sponding in a complex operant behavioral task in almost all animals (10).
After 2 weeks, the dose was increased to 0.32 mg/kg, and this dose was
continued for the entire duration of the study. Proximal duodenal pinch
biopsy specimens were collected once before SIV inoculation and at 14
and 30 days postinfection (days p.i.). Intestinal pinch biopsies were per-
formed by laboratory animal veterinarians. Animals were preanesthetized
with ketamine hydrochloride, acepromazine, and glycopyrolate, intu-
bated, and maintained on a mixture of isoflurane and oxygen. All animals
were necropsied at 60 days p.i. Pinch biopsy specimens and tissue samples
collected at necropsy were stored in RNAlater (Ambion, TX). Duodenal
tissue from all animals was collected immediately and fixed in 10% neutral
buffered formalin for histopathologic evaluation.

SIV levels in plasma were quantified by a real-time qRT-PCR assay
that targets the gag gene as previously described (23). Similarly, SIV RNA
levels in duodenal tissue were quantified in tissues preserved in RNAlater
(Life Technologies) as described before (37) and normalized to milli-
grams of total RNA.

Flow cytometry to quantify intestinal CD4� T cell dynamics. Intes-
tinal lamina propria leukocytes (LPLs) were isolated and adjusted to a
concentration of 107/ml. For T cell immunophenotyping, �100-�l ali-
quots were stained with appropriately diluted, directly conjugated mono-
clonal antibodies to CD3 (Alexa Fluor 700:SP34-2; BD Biosciences, San
Jose, CA), CD4 (eFluor 450:OKT4; eBioscience, Inc., CA, USA), and CD8
(AmCyan: SK1; BD Biosciences). Samples were stained for 30 min in the
dark at 4°C, fixed in 2% paraformaldehyde, and stored in the dark at 4°C
overnight for acquisition the next day. Samples were acquired on LSR II
flow cytometry equipment (BD Biosciences) and analyzed with Flow

Jo software (Treestar Inc., Ashland, OR). The cells were first gated on
singlets followed by lymphocytes and CD3� T cells and then on
CD3�CD4�CD8�/� and CD3� CD4�/� CD8� T cell subsets. All flow
cytometric analysis was performed by the LSUHSC Comprehensive Alco-
hol Research Center Core Laboratory.

Global microRNA profiling using TaqMan OpenArray platform.
Total RNA from pinch biopsy specimens and intact duodenal tissue sam-
ples was isolated using the miRNeasy total RNA isolation kit (Qiagen Inc.,
CA) according to the manufacturer’s protocol. Approximately 100 ng
total RNA was first reverse transcribed using the microRNA reverse tran-
scription (RT) reaction kit (Life Technologies, Grand Island, NY).

Briefly, two master mixes representing either open-array panel (panel
A and panel B) were prepared for each RNA sample, which consisted of
the following reaction components: 0.75 �l MegaPlex RT primers (10�),
0.15 �l deoxynucleoside triphosphates (dNTPs) with dTTP (100 mM),
1.50 �l MultiScribe reverse transcriptase (50 U/�l), 0.75 �l 10� RT buf-
fer, 0.90 �l MgCl2 (25 mM), 0.09 �l RNase inhibitor, and 0.35 �l nu-
clease-free water (20 U/�l). Three microliters of total RNA (100 ng) was
loaded into the appropriate wells of a 96-well plate, and 4.5 �l of the RT
reaction master mix was added into the appropriate well. After a brief spin
and 5 min of incubation on ice, samples in the 96-well plate were subjected
to the following thermal cycling conditions on the ABI 7900 HT Fast PCR
system: standard or maximum ramp speed, 16°C for 2 min, 42°C for 1
min, 50°C for 1 s (40 cycles), 85°C for 5 min (hold), 23°C (hold). Imme-
diately after thermal cycling, the 96-well plate containing cDNA was
stored at �80°C.

For the preamplification, 2.5 �l of the cDNA from each sample was
mixed with a total of 22.5 �l of preamplification reaction master mix,
consisting of 12.5 �l TaqMan PreAmp master mix (2�), 2.5 �l Megaplex
PreAmp primers (10�), and 7.5 �l nuclease-free water in a 96-well plate.
After a brief vortex and spin, samples in the 96-well plate were subjected to
the following thermal cycling conditions on the ABI 7900 HT Fast PCR
system: standard or maximum ramp speed, hold at 95°C for 10 min, hold
at 55°C for 2 min, hold at 72°C for 2 min, 12 cycles at 95°C for 15 s and at
60°C for 4 min, hold at 4°C. The preamplified product was diluted 40
times by mixing 4 �l of the preamplified product with 156 �l of 0.1�
Tris-EDTA (TE), pH 8.0, and loaded onto TaqMan OpenArray human

TABLE 1 Animal IDs, duration of infection, SIV inoculum, and plasma and intestinal viral loads in VEH/SIV and THC/SIV macaquesa

Inoculum group
and animal ID

Plasma viral loads (106 copies/ml) at day
p.i.:

Intestinal viral loads
(106 copies/mg RNA)
at day 60 p.i.

Intestinal histopathology at
necropsy14 30 60

THC only
HM74 NA NA NA NA ND
GP68 NA NA NA NA ND
HE44 NA NA NA NA ND
VEH/SIV
FE07 10 2.7 3.5 0.07 ND
HH45 12 1 0.3 0.04 ND
HT49 8 0.1 0.4 0.1 Severe lymphoid hyperplasia
HN54 24 1.3 0.8 20 Mild colitis

THC/SIV
FT59 2.7 0.05 0.02 0.06 Mild typhlitis with nematodes
GP68 16 5.1 22 6 ND
HN56 6.6 0.06 0.3 0.2 ND
HV47 34 1 2 2 ND

VEH only (control)
IC52 NA NA NA NA ND

a Animals were divided into two cohorts (cohort 1: HE44, GH61, FE07, HH45, FT59, GP68; cohort 2: IC52, HM74, HT49, HN54, HN56, HV47). NA, not applicable; ND, none
detected.
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microRNA plates for processing using the QuanStudio 12K flex Real Time
PCR system (Life Technologies).

Quantitative real-time TaqMan and SYBR green RT-PCR assay for
OpenArray validation. To validate OpenArray data and at the same time
ascertain that the differentially expressed miRNAs were not the result of
false discovery, the relative expressions of six differentially expressed miR-
NAs (miR-10a, miR-24, miR-99b, miR-145, miR-149, and miR-187) were
further determined by individual TaqMan miRNA assays. Approximately
200 to 250 ng of total RNA was reverse transcribed using the stem-loop
primers provided in the predesigned kit, and �4 �l of cDNA was sub-
jected to 40 cycles of PCR on the ABI 7900 HT Fast PCR system (Life
Technologies) using the following thermal cycling conditions: 95°C for 10
min followed by 40 repetitive cycles of 95°C for 15 s and 60°C for 1 min. As
a normalization control for RNA loading, RNU48 and snoU6 were am-
plified in duplicate wells on the same multiwell plate. Proinflammatory
cytokine gene expression in duodenum samples was determined by the
Power SYBR green RNA-to-CT 1-Step RT-PCR assay (Life Tech). Each
quantitative real-time (qRT)-PCR mixture (20 �l) contained the follow-
ing: 2� Power SYBR green master mix (12.5 �l), forward and reverse
primers; for tumor necrosis factor alpha (TNF-	), forward primer (For),
5=-TACCAGACCAAGGTCAACCTCCTC-3=, and reverse (Rev), 5=-GCT
GAGTCGATCACCCTTCTCCA-3=); for interleukin-1
 (IL-1
) For, 5=-
TGGCATCCAGCTACAAATCTCCCA-3=, and Rev, 5=-AAGGGAATCA
AGGTGCTCAGGTCA-3=); for MCP-1, For, 5=-TAGGAAGATCTCAGT
GCAGAGGCT-3=, and Rev, 5=-GTCCATGGAATCCTGAACCCACTT-
3=); for CXCL11, For, 5=-ATGAGTGTGAAGGGCATGGCTA-3=, and
Rev, 5=-GAACATAGGGAAACCTTGAACAACCGTA-3=); for gamma
interferon (IFN-�), For, 5=-CGGTAACTGACTTGAATGTCCAACGC-
3=, and Rev, 5=-GGACAACCATTACTGGGATGCTCTTC-3=); for
GAPDH (glyceraldehyde-3-phosphate dehydrogenase), For, 5=-CAAGA
GAGGCATTCTCACCCTGAA-3=, and Rev, 5=-TGGTGCCAGATCTTC
TCCATGTC-3=); for 18s rRNA, For, 5=-GCTACCACATCCAAGGAAGG
CA-3=, and Rev, 5=-AGGGCCTCGAAAGAGTCCTGTATT-3=); and for
beta-actin, For, 5=-CAACAGCCTCAAGATCGTCAGCAA-3=, and Rev,
5=-GAGTCCTTCCACGATACCAAAGTTGTC-3=] (200 nM), and 200 ng
of total RNA. Comparative real-time PCR was performed in duplicate
wells including no template controls, and relative change in gene expres-
sion was calculated using the comparative threshold cycle (��CT)
method.

In situ hybridization and immunofluorescence for cellular localiza-
tion of miR-99b and NOX4. In situ hybridization for miR-99b was per-
formed using locked nucleic acid (LNA)-modified DNA probes (Exiqon
Inc., Denmark). Briefly, 7-�m-thick formalin-fixed, paraffin-embedded
tissue sections were first deparaffinized, rehydrated in a descending series
of ethanol, and pretreated in a microwave with citrate buffer (antigen
unmasking solution; Vector Laboratories, Burlingame, CA) for 20 min at
high power according to the manufacturer’s instructions. Thereafter, sec-
tions were thoroughly washed, placed in a humidified chamber, and pre-
hybridized at 45°C with 1� microRNA in situ hybridization buffer (Ex-
iqon Inc., Denmark). A digoxigenin-labeled LNA-modified miR-99b
DNA probe (5FamN/AACCCAATATCAAACATATCA/3_N/) or scram-
bled probe (5FamN/GTGTAACACGTCTATACGCCCA/3_N/) was used
at a 40 nM concentration in hybridization buffer and hybridized over-
night at 50°C. Exiqon recommends using a hybridization temperature at
least 30°C less than the RNA melting temperature (Tm) of the probe (87°C
for miR-99b and 87°C for scrambled). After hybridization, slides were
washed with 5� SSC (standard saline citrate buffer; 1� SSC is 0.15 M
NaCl plus 0.015 M sodium citrate), 2� SSC, and 0.1� SSC and blocked
with Dako protein-free blocker (Dako Laboratories) for 1 h. Fab frag-
ments of an antidigoxigenin antibody conjugated with alkaline phospha-
tase (Roche Diagnostics Corporation, Penzberg, Germany) were used to
detect digoxigenin-labeled probes. Positive signals were detected using
permanent red substrate according to the manufacturer’s (Dako Labora-
tories) instructions. Controls included matched tissues hybridized with
LNA-modified scrambled probes.

Immunofluorescence for detecting CXCL12 (rabbit anti-mouse/Rat
CXCL12 alpha; 1 in 200 dilution; eBiosciences), rabbit anti-human SDF1
(rabbit anti-rat polyclonal antibody; 1 in 100 dilution; LifeSpan Biosci-
ences), and NOX4 (rabbit anti-human polyclonal antibody; 1 in 100 di-
lution; LifeSpan Biosciences) was done as previously described (17, 23).

Cloning of 3=-UTR of NOX4 mRNA and Dual-Glo luciferase re-
porter gene assay. The 3= untranslated region (UTR) of the rhesus ma-
caque NOX4 mRNA contains a single predicted miR-99b binding site
(TargetScan 6.2) (38) (Table 2). Accordingly, a short 52-nucleotide se-
quence representing the 3= UTR containing the predicted miR-99b site
(5=-GATGTTTGAAAACACAGCACAAGACTCTGTATTGATACGGGT
ACTTTGTGTC-3=) (where the predicted binding site is in italics) was
synthesized (IDTDNA Technologies Inc., IA) for cloning into the pmir-
GLO Dual Luciferase vector (Promega Corp., Madison, WI). A second
oligonucleotide with the miRNA binding site (8 nucleotides) deleted (5=-
GATGTTTGAAAACACAGCACAAGACTCTGTATTGACTTTGTGTC-
3=) was also synthesized to serve as a negative control. The oligonucleotide
sequence was synthesized with a Pme1 site on the 5= end and an XbaI site
on the 3= end for directional cloning. The pmirGLO vector was first cut
with Pme1 and XbaI restriction enzymes, gel purified, and ligated with
either wild-type sequence containing the miR-99b binding site (NOX4-
wtUTR) or deleted sequence (NOX4-delUTR). HEK293 cells were plated
at a density of 2 � 104 cells per well of a 96-well plate. At 60 to 70%
confluence, cells were cotransfected with �100 ng NOX4-wtUTR or
NOX4-delUTR luciferase reporter vector and 100 nM miR-99b mimic
using the Dharmafect Duo transfection reagent (ThermoFisher Scien-
tific). In separate wells, cells were also transfected with pmirGLO vector
(Promega Corp) as a normalization control. After 72 h, the Dual Glo
luciferase assay was performed according to the manufacturer’s recom-
mended protocol using the BioTek H4 Synergy plate reader (BioTek,
Winooski, VT). The normalized firefly-to-renilla ratio was calculated to
determine the relative reporter activity. Experiments were performed in 6
replicates and repeated three times.

Quantitative image analysis. Quantitation of cells and regions of in-
terest (ROI) labeled by LNA-modified miR-99b in situ hybridization
probes was performed using Volocity 5.5 software (PerkinElmer Inc., MA,
USA) after capturing images on a Leica confocal microscope. Several ROI
were hand drawn on the epithelial and lamina propria regions in the
images from duodenum. The data were first graphed and then analyzed
using the Mann-Whitney U test (Wilcoxon’s rank sum test) employing
the Prism v5 software (GraphPad software). P values of �0.05 were con-
sidered statistically significant.

ELISA for quantifying plasma LBP levels. Lipopolysaccharide (LPS)
binding protein (LBP) levels in plasma in all macaques at necropsy were
quantified using a commercially available enzyme-linked immunosorbent
assay (ELISA; Biometec, Greifswald, Germany) according to the manufactur-
er’s recommended protocol. Samples were assayed in duplicate.

Data analysis and data availability. QuantStudio run files from all
groups were analyzed simultaneously using ExpressionSuite software
v1.0.2 (Life Technologies). ExpressionSuite Software utilizes the compar-
ative threshold cycle (��CT) method to rapidly and accurately quantify
relative gene expression across a large number of genes and samples. The
software provides the option to normalize gene expression data using

TABLE 2 Schematic representation of NOX4 3= UTR depicting
predicted binding site for miR-99ba

Strand Target site sequence

NOX4 mRNA 5=-AAGACUCUGUAUUGAUACGGGUA
miR-99b 3=-GCGUUCCAGCCAAGAUGCCCAC
a GenBank accession number for NOX4 mRNA, NM_001143836; binding sites on 3=
UTR were positions 515 to 522. The NOX4 mRNA site is conserved in humans,
chimpanzee, macaque, orangutan, and mouse. The prediction algorithm used was
TargetScan (38). Boldface nucleotides show seed region (2-7) of miR-99b and its
complementary bases on the 3= UTR of NOX4 mRNA.
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either endogenous controls or global normalization and provides fold
changes with P values. miRNA expression data were normalized to all
three endogenous controls (RNU44, RNU48, and snoU6). In all experiments,
the CT upper limit was set to 28, meaning that all miRNA detectors with a CT

value greater than or equal to 28 were excluded. A P value of �0.05 was
considered significant. Because this is an exploratory study with a small sam-
ple size, we did not apply multiple-comparisons correction (Benjamini-
Hochberg method for false-discovery rate) mainly to avoid type II error (false
negatives). However, to avoid type I error (false positives), we confirmed the
expression of at least six miRNAs using qRT-PCR.

For individual miRNA qRT-PCR confirmation studies (miR-10a,
miR-24, miR-99b, miR-45, miR-149, and miR-187), the VEH/SIV ma-
caque with the highest �CT value served as the calibrator/reference and
was assigned a value of 1. All differentially expressed miRNAs in the THC/
SIV and VEH/SIV groups are shown as an n-fold difference relative to this
macaque. This approach was taken mainly to facilitate graphing the con-
trol (VEH/SIV) samples so that the variation within the control samples
could be displayed. Individual miRNA qRT-PCR data were analyzed us-
ing nonparametric Wilcoxon’s rank sum test for independent samples
using the RealTime Statminer package, a bioinformatics software devel-
oped by Integromics on Spotfire DecisionSite. Differences in the total
number of NOX4� duodenal crypt epithelial cells between VEH/SIV and
THC/SIV macaques were analyzed using the Mann Whitney U test em-
ploying the Prism v5 software (GraphPad software). Firefly/renilla ratios
were statistically analyzed using an unpaired t test.

Microarray data accession number. TaqMan OpenArray mi-
croRNA data files were deposited in the GEO database under accession
number GSE61654 (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi
?acc�GSE61654).

RESULTS
Plasma and intestinal viral loads, CD4 and CD8 T cell status and
intestinal histopathology. All VEH/SIV (n � 4) and THC/SIV
(n � 4) macaques inoculated intravenously with 100 TCID50 of
SIVmac251 had detectable plasma and tissue (duodenum) viral
loads at 14, 30, and 60 days p.i. (Table 1). Intestinal CD4� T cell
data were available only for cohort 2. As shown in Fig. S1A in the
supplemental material, CD4� T cells were markedly depleted in
both VEH/SIV (HN54 and HT49) and THC/SIV (HN56 and
HV47) groups compared to the animal that received only VEH
(IC52) or THC (HM74) at 14 and 30 days p.i. Interestingly, CD4�

T cell percentages were higher in both animals at 60 days p.i. in the
THC/SIV group than in the VEH/SIV group, suggesting possible
signs of CD4� T cell recovery (see Fig. S1A in the supplemental
material). Further, CD4� T cell percentage in one of the THC/SIV
macaques (HV47) at the 60 days p.i. time point was no different
from that in the uninfected macaque (HM74) that received only
THC. No major differences in CD8� T cells percentages were
noticed between the two groups (see Fig. S1B in the supplemental
material). Histopathological analysis revealed the presence of se-
vere lymphoid hyperplasia and mild colitis in two of the four
VEH/SIV macaques. Only one of the four macaques in the THC/
SIV group had detectable intestinal lesions mainly due to nema-
tode infestation (mild typhlitis with nematodiasis) (Table 1).

THC administration to uninfected and SIV-infected ma-
caques caused marked alterations in intestinal miRNA expres-
sion. In order to determine if the protective effect of �9-THC
administration in SIV-infected macaques was associated with al-
terations in miRNA expression, we performed global miRNA pro-
filing of duodenal tissue during acute SIV infection using the
TaqMan OpenArray human microRNA plates (Life Technolo-
gies). The baseline/preinfection biopsy samples collected from all

12 animals were used as a reference control to identify differen-
tially expressed miRNAs in the three target groups, namely, THC
only (n � 3), VEH/SIV (n � 4), and THC/SIV (n � 4) at 14, 30,
and 60 days p.i. (Table 1). In addition, all three animals in the
THC-only group had pinch biopsy specimens collected at the
same time points as in the VEH/SIV and THC/SIV groups to de-
termine the effect of THC administration alone on intestinal
miRNA expression. As shown in Table 3, the total number of
differentially expressed miRNAs steadily increased in the VEH/
SIV and THC/SIV groups from 14 days p.i. to 60 days p.i. At 14
days p.i., a larger number of miRNAs showed decreased expres-
sion in both groups (Table 3). At 30 days p.i., the numbers of
miRNAs showing increased or decreased expression were al-
most equal in the two groups (Table 3). The QuantStudio run
file representing one THC/SIV macaque (FT59) at the 30 days
p.i. time point did not pass quality control (QC) and was not
included in the analysis. However, at 60 days p.i., �28% (13/
47) of the differentially expressed miRNAs were downregu-
lated in the VEH/SIV group compared to the THC/SIV group,
where none of the differentially expressed miRNAs showed
reduced expression (Table 3). In contrast, all 59 differentially
expressed miRNAs were upregulated in the THC/SIV group at
60 days p.i. (Table 3). Similarly, the total number of differen-
tially expressed miRNAs in the THC uninfected group in-
creased as the duration of THC treatment increased from 14
days to 60 days (Table 3). Interestingly, in this group, almost 80
to 90% of the differentially expressed miRNAs at all three time
points predominantly showed increased expression (Table 3).
The miRNA IDs, raw CT, fold changes, and P values of all
differentially expressed miRNAs at each time point in the three
different groups are shown separately in supplemental Tables
S1 to S3 in the supplemental material. We decided to present
the raw CT values mainly because they provide valuable infor-
mation on the relative abundance of each miRNA species in the
intestine. Overall, these findings suggest that chronic THC ad-
ministration positively modulates miRNA expression in the
intestine. Given that T cell (CD8� and CD4�) activation is
accompanied by marked downregulation of miRNA expression
(39–42), the notable absence of downregulation in THC/SIV
macaques at 60 days p.i. suggests that THC may provide pro-
tection by preventing immune cell activation.

TABLE 3 Total number of miRNAs that showed statistically significant
differential expression (P � 0.05) in THC-only, VEH/SIV, and THC/
SIV groups at 14, 30, and 60 days p.i. with reference to the preinfection
time point

Biological group,
time point

No. of miRNAs

Differentially
expressed (total) Upregulated Downregulated

THC only, 14 days 7 6 1
THC only, 30 days 29 26 3
THC only, 60 days 44 35 9
VEH/SIV, 14 days p.i. 23 7 16
VEH/SIV, 30 days p.i. 26 11 15
VEH/SIV, 60 days p.i. 47 34 13
THC/SIV, 14 days p.i. 17 3 14
THC/SIV, 30 days p.i. 31 15 16
THC/SIV, 60 days p.i. 59 59 0
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THC administration to uninfected macaques caused selec-
tive upregulation of miR-141 and miR-200a expression in the
duodenum at all three time points. THC administration induced
the differential expression of 7 miRNAs at 14 days, 29 miRNAs at
30 days, and 44 miRNAs at 60 days in uninfected animals (Table
3). To identify an miRNA signature specific to chronic THC treat-
ment, we used a Venn diagram to categorize the differentially
expressed miRNAs at the three different time points. When com-
paring all three time points to each other, the expressions of nine
miRNAs were found to overlap and two miRNAs, miR-141 and
miR-200a, were found to be commonly upregulated at all three
time points (Fig. 1A). The two miRNAs share a similar seed se-
quence and accordingly have identical predicted targets (Target-
Scan 6.2) (38). miR-141 was recently shown to be downregulated
in the colon of trinitrobenzenesulfonic acid (TNBS)-induced coli-
tis in mice, which led to elevated expression of CXCL12
, a pre-
dicted target of miR-141 (43). Interestingly, with the exception of
miR-194*, all miRNAs whose expression overlapped between
time points (miR-152, miR-301, miR-362-3p, miR-379, and miR-
539 between 30 and 60 days and miR-23a between 14 and 60 days),
including miR-141 and miR-200a (which overlapped at all three
time points), have bioinformatically predicted binding sites on the
3= UTR of human and rhesus macaque CXCL12 mRNA (Target-
Scan 6.2) (38) (see Tables S4 to S7 in the supplemental material).
Moreover, potential binding sites for all of the above THC-in-
duced miRNAs have also been predicted by the miRanda algo-
rithm (44). In addition, the expression of five of six miRNAs that
overlapped between the 30- and 60-day time points showed a
time-dependent increase in expression (Fig. 1B), demonstrating
that THC treatment alone positively modulated the expression of
miRNAs with potential anti-inflammatory effects in the intestine.

We next performed immunofluorescence studies using two anti-
CXCL12 antibodies, but neither cross-reacted with the rhesus ma-
caque, and as a result it remains unclear if increased expression of
CXCL12-targeting miRNAs is accompanied by a concomitant de-
crease in CXCL12 protein expression in the intestine. Put to-
gether, these novel and interesting results suggest that chronic
THC administration induces the expression of a select cluster of
miRNAs that may exert anti-inflammatory effects in the intestine
by directly targeting CXCL12 expression, a chemokine well
known to regulate the trafficking of T cells and macrophages into
the intestinal lamina propria, causing progression of GI inflam-
mation (45, 46).

THC and SIV exert synergistic and additive effects on intes-
tinal expression of miR-29b, miR-101, miR-130a, miR-218, and
miR-374 at 60 days p.i. We again used a Venn diagram to study
the relationship between the differentially expressed miRNAs at
all three time points in the THC-only, VEH/SIV, and THC/SIV
groups. At 14 days p.i., the expression of five miRNAs overlapped
between the VEH/SIV and THC/SIV groups. However, the ex-
pression of only one miRNA in the THC uninfected group over-
lapped with the VEH/SIV or THC/SIV group (Fig. 2A). Consistent
with our recent finding (37), miR-190b was significantly upregu-
lated in the intestine in response to SIV infection in both VEH and
THC groups. However, as shown in Tables S2 and S3 in the sup-
plemental material, miR-190b fold change was higher in the VEH/
SIV group (�6.5-fold) than in the THC/SIV group (�4.6-fold),
suggesting that the protective effects of THC at this time point
may be partially mediated by the reduction in the magnitude of
miR-190b expression.

At 30 days p.i., the expression of 11 miRNAs overlapped
among all groups, and one was common to all three groups (Fig.
2B). The expression of two miRNAs overlapped between the
THC-only and the VEH/SIV groups at 30 days p.i. (Fig. 2B). Fur-
ther, while the expression of both CXCL12-targeting miRNAs
(miR-200a and miR-362-3p) was elevated in both groups, the fold
change was slightly higher in the THC-only group (1.9- and 2.3-
fold) than in the VEH/SIV group (1.5- and 1.4-fold) (see Tables S1
and S2 in the supplemental material). miR-150 is an important
miRNA that is rapidly and efficiently downregulated during im-
mune cell activation (39–41). In agreement with the above find-
ings (39–41), miR-150 showed significantly reduced expression
(1.9-fold decrease) only in the VEH/SIV group (see Table S2 in the
supplemental material). Reduced miR-150 expression may indi-
rectly suggest early immune cell activation in the intestinal lamina
propria of the VEH/SIV compared to the THC/SIV group. At this
time point, miR-301, also predicted to directly target CXCL12,
showed almost identical expression levels (�1.7-fold increase) in
the THC-only and THC/SIV groups (see Tables S1 and S3 in the
supplemental material).

At 60 days p.i., 29 miRNAs overlapped among all three groups
and the expression of seven miRNAs was common to all three
groups (Fig. 2C). Interestingly, from the results shown in Fig. 2D
it is evident that THC exerted synergistic and additive effects on
the expression of six of seven miRNAs, which included miR-29b,
miR-101, miR-106b, miR-130a, miR-218, and miR-374. The fold
change in the expression of miR-362-3p was more or less similar
in all three groups (�2.7- to 2.9-fold). Further, among the seven,
miR-29b, miR-101, miR-130a, and miR-362-3p have bioinfor-
matically predicted binding sites on the 3= UTR of CXCL12 (see
Tables S5 and S7 in the supplemental material). Similarly, miR-

FIG 1 The differential expression of miRNAs in the duodenum of uninfected
animals at all time points (14, 30, and 60 days [D] posttreatment) after chronic
THC administration. (A) The Venn diagram shows miRNAs whose expression
overlapped between time points and common to all time points. (B) THC
produced dose- and time-dependent increases in the expression of about five
miRNAs in the duodenum of uninfected animals.
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218, an miRNA previously shown to exert anti-inflammatory ef-
fects by directly targeting Robo1 protein translation (47), showed
markedly elevated expression in the THC/SIV group (8.6-fold in-
crease) compared to the VEH/SIV (3.9-fold increase) and THC-
only (2.9-fold increase) groups (see Tables S1 to S3 in the supple-
mental material). Similar to the 30-day p.i. time point, miR-150
showed statistically significant decrease in expression only in the
VEH/SIV group, suggesting persistent immune cell activation
(39–41). Overall, these results suggest that the elevated intestinal
expression of miR-29b, miR-101, miR-106b, miR-130a, miR-218,
miR-362-3p, and miR-374 is likely to be a part of the normal
anti-inflammatory response exerted by the host to SIV infection.
However, chronic administration of THC to SIV-infected ma-
caques may strengthen this response by exerting additive and syn-
ergistic effects on the intestinal expression of these anti-inflamma-
tory miRNAs.

THC specifically upregulates a cluster of six anti-inflamma-
tory miRNAs in the duodenum compared to VEH-administered
SIV-infected macaques at 60 days p.i. To specifically identify
miRNAs induced by THC in SIV-infected macaques, we performed
the same analysis as the one described earlier, but this time we used
the VEH/SIV group as a reference and made comparisons relative
to the THC/SIV group at 14, 30, and 60 days p.i. Based on the analysis,
3 and 6 miRNAs showed differential expression in the THC/SIV
group at 14 days p.i. and 30 days p.i., respectively (Table 4; see also
Table S8 in the supplemental material). In contrast, about 19 miR-
NAs were found to be differentially expressed in the THC/SIV group
at 60 days p.i. (Table 4; see also Table S8 in the supplemental mate-
rial). Interestingly, all 19 miRNAs showed significantly elevated ex-

pression in the THC/SIV group compared to the VEH/SIV group
(Table 4; see also Table S8 in the supplemental material). Among the
these, miR-10a, miR-24, miR-99b, miR-145, miR-149, and miR-187
have been previously reported to regulate inflammation (48–54). As
shown in Fig. 3A to F, miR-24, miR-149, and miR-99b showed sta-
tistically significant elevation in the THC/SIV group when analyzed
using nonparametric Wilcoxon’s rank sum test. The differences in
expression of the remaining 3 miRNAs, namely, miR-10a (P � 0.06),
miR-187 (P � 0.06), and miR-145 (P � 0.11), did not reach statistical
significance (Fig. 3A, D, and F). The raw CT, �CT, ��CT, and fold
changes for all 6 miRNAs in VEH/SIV and THC/SIV macaques are
shown in Table S9 in the supplemental material. To further explore
the functional relevance of the changes in miRNA expression seen in
the THC/SIV animals, we also quantified mRNA expression of
TNF-	, IL-1
, MCP-1, CXCL11, and IFN-� in duodenum samples
collected at necropsy. Contrary to our prediction, no significant dif-
ferences in inflammatory cytokine gene expression were detected be-

FIG 2 Synergistic and additive effects exerted by THC and SIV on the expression of select miRNAs in the duodenum. Comparison of miRNA expression at 14
(A), 30 (B), and 60 (C) days following SIV infection (DPI) in the three treatment groups (THC only, VEH/SIV, and THC/SIV) using a Venn diagram. (D) THC
and SIV exerted additive and synergistic effects on the expression of miR-29b, miR-101, miR-106b, miR-130a, miR-218, and miR-374 at 60 days p.i.

TABLE 4 Number of miRNAs that showed statistically significant
differential expression in THC/SIV macaques at the three different time
points compared to VEH/SIV macaques

Biological group,
no. of days p.i.

No. of miRNAs

Differentially
expressed (total) Upregulated Downregulated

THC/SIV, 14 3 2 1
THC/SIV, 30 6 2 4
THC/SIV, 60 19 19 0
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tween the THC/SIV and VEH/SIV macaques (see Fig. S2 in the sup-
plemental material). Collectively, these findings suggest that an
important epigenetic mechanism underlying the anti-inflammatory
effects of THC in the intestine of SIV-infected macaques involves the
selective upregulation of anti-inflammatory miRNA expression.

NOX4 is a direct target of miR-99b, and its protein expres-
sion is significantly increased in the intestinal epithelium of
VEH/SIV compared to THC/SIV-infected macaques at 60 days
p.i. Because miR-99b showed statistically significant elevation in the
THC/SIV group and it has also been previously shown to influence
the fate of intestinal epithelial cells (55), we decided to further inves-
tigate its expression and possible function in the intestine. Inhibition
of miR-99b in dendritic cells using antagomirs has been reported to
markedly increase the production of IL-6, IL-12, and IL-1
, clearly
highlighting its anti-inflammatory properties (52). Accordingly, we
first performed in situ hybridization to identify the mucosal compart-
ment (epithelium versus lamina propria cells) in the intestine ex-
pressing miR-99b. As shown in Fig. 4A and B (for VEH/SIV) and Fig.
4D and E (for THC/SIV), miR-99b localized to the duodenal epithe-
lial and lamina propria cells. Overall, the intensity of miR-99b stain-
ing was stronger in the two THC/SIV macaques (Fig. 4D and E) than
in the VEH/SIV macaques (Fig. 4A and B). Moreover, miR-99b stain-
ing in the duodenum of one VEH/SIV macaque (HT49 [Fig. 4B]) was
considerably weaker than the staining in both THC/SIV macaques.
Images from all 4 macaques were captured using the same laser (red
and green) strength and processed using Volocity 5.5 software
(PerkinElmer Inc., MA, USA) utilizing the same brightness, density,
and black level settings. Image analysis confirmed significantly (P �
0.05) elevated miR-99b in situ staining intensity in the duodenum of

THC/SIV macaques compared to the VEH/SIV macaques (Fig. 4F).
The observed difference in miR-99b staining intensity between the
two groups agrees well with the qRT-PCR raw CT data shown in Table
S9 in the supplemental material (tab 3). Consistent with the in situ
hybridization data, both miR-99b raw CT and dCT (�CT) values are
larger in the two VEH/SIV macaques (FE07 and HT49) than in the
THC/SIV macaques (HN56 and HV47) (see Table S9, tab 3, in the
supplemental material). Additionally, in situ miR-99b signal intensity
in the duodenum of uninfected control macaques was even weaker
(see Fig. S3 in the supplemental material) and is consistent with the
qRT-PCR data showing an�3.9-fold increase in THC/SIV macaques
compared to preinfection controls (see Table S3, tab 3, in the supple-
mental material).

To better understand the biological significance of miR-99b up-
regulation in the THC/SIV group, we next focused on NOX4 expres-
sion, a predicted target of miR-99b for a couple of reasons. First, the
activity of NOX4, a potent reactive oxygen species (ROS)-generating
enzyme was shown to be significantly attenuated by the CB2 agonist
HU-308 in the kidneys of cisplatin-treated rats (7). Second, and more
importantly, inhibition of NADPH oxidase activity in colonic epithe-
lial cells isolated from ulcerative colitis patients increased cell viability
and considerably decreased ROS and TNF-	 levels following LPS
treatment (56). Therefore, we performed immunofluorescence stud-
ies using a polyclonal NOX4 antibody to identify the cell types in the
intestine expressing NOX4. Interestingly, increased numbers of
NOX4� crypt epithelial cells were very conspicuous in the intestinal
mucosa of both VEH/SIV-treated macaques (Fig. 4A and B). Further,
NOX4 localized to the cytoplasm of crypt epithelial cells (Fig. 4C). In
contrast, occasional NOX4� epithelial cells were detected in the du-

FIG 3 Significant elevation of miR-24 (B), miR-99b (C), and miR-149 (E) expression in the duodenum of THC/SIV macaques compared to VEH/SIV macaques
at 60 days p.i. miR-10a (A), miR-145 (D), and miR-187 (F) did not show statistical significance (P � 0.06 to 0.11). Data were analyzed using the nonparametric
Wilcoxon’s rank sum test method. The error bars represent standard errors of mean fold changes within each group. A single asterisk indicates statistical
significance (P � 0.05).
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odenum of the THC/SIV macaques (Fig. 4D and E). Quantitative
image analysis also provided strong evidence that the duodenal crypt
epithelium in the VEH/SIV macaques (Fig. 5A and B) carries a sig-
nificantly higher number of NOX4� cells than does that of the THC/
SIV macaques (Fig. 5A and B). The presence of a highly conserved
predicted miR-99b binding site in the 3=UTR of NOX4 (TargetScan
6.2) (38) suggested the possibility that elevated miR-99b expression
could directly target NOX4 and negatively modulate its protein ex-
pression in the intestine. The results of the luciferase reporter assay
convincingly demonstrate the latter possibility, i.e., that miR-99b can
directly bind to the 3=UTR of the rhesus macaque NOX4 mRNA and
potentially downregulate its protein expression (Fig. 5C). Cotrans-
fection of NOX4-wtUTR and 100 nM miR-99b mimic caused an
�67% reduction in firefly/renilla ratios (Fig. 5C). However, deleting
the miR-99b binding sites (NOX4-delUTR) restored firefly/renilla
ratios to the level observed with unmanipulated pmirGLO vector
(Fig. 5C). In addition, we also quantified lipopolysaccharide binding
protein (LBP) levels in plasma to determine if enhanced miR-99b
expression correlated with microbial translocation. No significant

difference (P � 0.88) in LBP levels were detected between VEH/SIV
and THC/SIV groups at 60 days p.i (see Fig. S4 in the supplemental
material). Surprisingly, one macaque (FT59) in the THC/SIV group
had the highest LBP levels in plasma (72 ng/ml) of all macaques. We
speculate that the relatively high circulating levels of LBP may be due
to the presence of typhlitis secondary to nematode infestation in this
animal (Table 1), which could have caused significant disruption of
the epithelial barrier. Taken together, these findings suggest that
THC-induced miR-99b may contribute to protection of the intestinal
epithelium from oxidative stress by downregulating NOX4 expres-
sion.

DISCUSSION

Chronic THC administration to SIV-infected macaques reduced
plasma viral loads, protected against infection-induced GI inflam-
mation, and prolonged survival (9). More recently, we also dem-
onstrated that chronic THC administration to SIV-infected ma-
caques modulated duodenal T cell populations, stimulated a pro-
Th2 cytokine profile, and more importantly, decreased crypt cell

FIG 4 Localization of miR-99b to both duodenal epithelium and lamina propria cells (A, B, D, and E) in both VEH/SIV (FE07, HT49) and THC/SIV (HN56,
HV47) macaques. Note the increased miR-99b staining intensity in the THC/SIV macaques (D and E) compared to the VEH/SIV macaques (A and B). Increased
numbers of duodenal crypt epithelial cells from both VEH/SIV macaques stained positive for NOX4 (A and B). (C) A close-up view of the lower right quadrant
of panel B clearly shows NOX4 staining localized to the epithelial cell cytoplasm. In contrast, duodenal crypt epithelial cells from both THC/SIV macaques (D and
E) show occasional NOX4� cells. Small white arrows (A, B, D, and E) point to NOX4� crypt epithelial cells. Epithelial NOX4� (A to C, D, and E) staining cells
are shown in green (Alexa Fluor-488). Epithelial miR-99b� (A to C, D, and E) staining cells are shown in red (permanent red substrate). All panels are shown at
a magnification of �40. (F) Quantitation of cells and regions of interest (ROI), which were labeled by an LNA-modified miR-99b probe using Volocity 5.5
software, revealed significantly elevated miR-99b expression in THC/SIV compared to VEH/SIV macaques. Several ROI were hand drawn on the epithelial and
LPL regions in the images from duodenum. Image analysis data were analyzed using nonparametric Wilcoxon’s rank sum test.
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apoptosis in the intestine (21). These findings reveal important
modulatory effects of cannabinoids on HIV/SIV disease progres-
sion. While some of the proposed mechanisms underlying the
immunosuppressive/anti-inflammatory effects of THC include
induction of immune cell apoptosis, inhibition of cell prolifera-
tion, and suppression of cytokine production, a recent study iden-
tified significant upregulation of a specific miRNA, miR-690, in
myeloid-derived suppressor cells following THC administration
to rats (57). These findings are intriguing and prompted us to
investigate whether the anti-inflammatory and apparent protec-
tive effects of THC in the intestine involved the differential mod-
ulation of miRNA expression. In the present study, we performed
miRNA expression profiling in the duodenum of acutely SIV-
infected rhesus macaques administered either VEH or THC and
identified a THC-induced anti-inflammatory miRNA signature at
60 days p.i. specifically. Among the miRNAs that were notably
changed was miR-99b, which directly targets NOX4, a ROS-gen-
erating enzyme. In this study, miR-99b expression increased,
whereas NOX4 expression decreased significantly in the duodenal
epithelium of THC/SIV macaques. Furthermore, chronic THC
administration by itself upregulated the expression of a cluster of
miRNAs that was identified by a bioinformatics analysis to di-
rectly target CXCL12. This chemokine is known to facilitate traf-
ficking of lymphocytes and macrophages into the intestinal lam-
ina propria.

Following OpenArray microRNA profiling, the total number
of differentially expressed miRNAs steadily increased from 14
days p.i. to 60 days p.i. in all three groups. Interestingly, almost 80
to 90% of differentially expressed miRNAs in the group that re-
ceived only THC showed increased expression in the duodenum
at all three time points, providing strong evidence that THC pos-
itively modulates miRNA expression in the intestine. Most strik-
ingly, at 60 days p.i., �28% of differentially expressed miRNAs
(13/47) in the VEH/SIV group were downregulated compared to
the THC/SIV group, in which none of the differentially expressed
miRNAs (58) showed decreased expression. Given the recent
finding that T cell activation results in global miRNA downregu-
lation, the above finding may indirectly be suggestive of immune
activation in the VEH/SIV group and its reduction or attenuation
in the THC/SIV group at 60 days p.i. Overall, the data suggest that
chronic THC administration positively modulates miRNA ex-
pression in both uninfected and SIV-infected macaques and may

FIG 5 (A) Quantification of the number of NOX4� duodenal crypt epithelial
cells from 3 VEH/SIV and 3 THC/SIV macaques. Positive cells were counted at
an original magnification of �20 in a blinded manner in a total of 10 low-
power fields (LPF); 1 LPF � 1.1308 mm2. Each data point represents the
number of cells in a single LPF; the error bars represent the mean values. (B)
The average number of NOX4� crypt epithelial cells is higher in the VEH/SIV
than in the THC/SIV macaques. Data were analyzed using Wilcoxon’s rank
sum test. Triple asterisks indicate statistical significance (P � 0.0001). (C)
miR-99b physically associates with the 3= UTR of rhesus macaque NOX4
mRNA (P � 0.0001). The NOX4 wild-type sequences and those with 3=UTR
deleted were inserted into the multiple cloning sites situated in the 3= end of
firefly luciferase gene in the pmirGLO vector. HEK293 cells were cotransfected
with 100 nM miR-99b mimic and 100 ng of pmirGLO luciferase reporter
constructs containing wild-type (wt) or deleted (del) NOX4 3=UTR sequences.
Firefly and renilla luciferase activities were detected using the Dual-Glo lucif-
erase assay system 72 h after transfection. The ratio of luciferase activities
(firefly/renilla) was calculated and normalized to the wells transfected with
unmanipulated pmirGLO vector. Triple asterisks indicate statistical signifi-
cance (P � 0.0001).

THC Induces Anti-Inflammatory miRNAs in SIV Infection

January 2015 Volume 89 Number 2 jvi.asm.org 1177Journal of Virology

http://jvi.asm.org


represent a possible mechanism underlying its reported anti-in-
flammatory/immune activation effects in the intestine.

To identify unique miRNAs that may potentially mediate
THC’s anti-inflammatory effects, we used a Venn diagram and
found the increased expression of at least 9 distinct miRNAs that
overlapped between time points. Of these, the expression of 2
(miR-141 and miR-200a) overlapped among all three time points.
Interestingly, miR-141 expression was recently shown to be re-
duced significantly in inflamed colonic epithelial cells from mice
with TNBS-induced colitis and from Crohn’s disease patients
(43). Further, miR-141 downregulation resulted in upregulation
of its predicted target, CXCL12
, including total CXCL12 levels
(43). Furthermore, transfection of Caco2 cells with premiR-141
prevented lymphocyte migration toward epithelial cells, demon-
strating the ability of miR-141 to prevent inflammatory cell mi-
gration into the intestinal lamina propria by inhibiting the che-
moattractant CXCL12. Intrigued by the above findings, we next
scanned the CXCL12 mRNA 3= UTR using the TargetScan algo-
rithm (38) to determine if predicted binding sites similar to miR-
141/miR-200a existed for the other THC-induced miRNAs. Sur-
prisingly, 7 of the 9 THC-induced miRNAs shown in Fig. 1 had
one or two predicted binding sites on the 3= UTR of CXCL12
mRNA (see Tables S4 to S7 in the supplemental material). More
interestingly, 5 (miR-141, miR-200a. miR-23a, miR-152, and
miR-539) of the 7 miRNAs were predicted to directly target tran-
script variant 2 coding for the CXCL12
 (beta) isoform (accession
number NM_000609) (see Table S4 in the supplemental mate-
rial). Another three miRNAs (miR-23a, miR-301a, and miR-362-
3p) have been predicted to directly target transcript variant 1 cod-
ing for the CXCL12	 (alpha) isoform (accession number
NM_199168) (see Table S5 in the supplemental material). At least
2 miRNAs (miR-23a and miR-301a) had predicted binding sites
on the 3= UTR of CXCL12� (delta) isoform (NM_001178034)
(see Table S6 in the supplemental material). Further, 3 miRNAs
(miR-101, miR-29b, and miR-130a) that showed significantly el-
evated expression in THC/SIV group at 60 days p.i. compared to
the VEH/SIV group (Fig. 2D) also had predicted binding sites on
all 3 CXCL12 isoforms (miR-101 on CXCL12	, -
, and -�; miR-
130a on CXCL12	 and -�; miR-29b on CXCL12
) (see Table S7
in the supplemental material). More interestingly, none of the
seven THC-induced miRNAs have been predicted to directly tar-
get CXCL12� (gamma), the specific isoform that has been previ-
ously reported to exhibit anti-HIV effects by preventing HIV entry
via competitive CXCR4 binding and internalization (59). Consis-
tent with these predictions, cannabinoid agonists (2-AG and
JWH-133) have been shown to inhibit CXCL12-mediated che-
motaxis of activated T lymphocytes (60). These findings suggest
that THC may potentially inhibit inflammatory cell trafficking
into the intestinal lamina propria by specifically upregulating the
expression of a unique panel of CXCL12-targeting miRNAs. Be-
cause the anti-human and -mouse CXCL12 antibodies used in the
current study failed to cross-react with the rhesus macaque, it was
not possible to determine if levels of CXCL12 protein expression
in the intestine differed between the VEH/SIV and THC/SIV ma-
caques.

To identify miRNAs specifically induced by THC in the intes-
tine of SIV-infected macaques, miRNA expression profiles in the
duodenum of the THC/SIV and the VEH/SIV groups were com-
pared at the three time points examined. Interestingly, at 60 days
p.i., THC was found to selectively upregulate the expression of a

group of 19 miRNAs, 6 of which (miR-10a, miR-24, miR-99b,
miR-145, miR-149, and miR-187) have been previously identified
to target proinflammatory molecules such as cytokines and tran-
scription factors (48–54). Among these, miR-10a was demon-
strated to maintain intestinal homeostasis by targeting the proin-
flammatory cytokine IL-12/IL-23p40 in dendritic cells (DCs)
(49). In this study, the authors proposed a mechanism whereby
commensal bacteria controlled intestinal inflammation by specif-
ically targeting IL-12/IL-23p40 in DCs (49). Interestingly, mice
with lower miR-10a expression showed elevated proinflammatory
cytokine expression. However, inhibition of miR-10a function us-
ing specific antagomirs significantly promoted IL-12 production
in DCs, providing further support for the anti-inflammatory
properties of miR-10a (49). In a separate study involving athero-
sclerosis-susceptible endothelium, miR-10a expression was found
to be downregulated and the expression of its predicted target
HOXA1 was significantly upregulated (50). Likewise, miR-24 ex-
pression significantly increased in the inflamed colons of pediatric
inflammatory bowel disease (IBD) patients, suggesting that the
upregulation may be a host response to curtail inflammatory sig-
naling (51). Similarly, IL-10 was reported to suppress production
of proinflammatory cytokines such as TNF-	, IL-6, and IL-12 by
selectively inducing the upregulation of miR-187 (48). Further,
miR-187 inhibited TNF-	 production by directly binding to the 3=
UTR of TNF-	 mRNA and downregulating its expression (48). In
addition, overexpression of miR-187 significantly reduced
TNF-	, IL-6, and IL-12p40 production in LPS-activated mono-
cytes (48). Nevertheless, these anti-inflammatory effects were re-
versed when miR-187 was silenced using antagomirs (48). Along
similar lines, expression of the anti-inflammatory miR-145 de-
creased markedly in the colons of ulcerative colitis patients (53).
In addition, decreased expression of miR-145 resulted in elevated
expression of its predicted target Insulin Receptor Substrate 1
(IRS-1) (53). Additionally, overexpression of miR-145 in HCT116
cells significantly decreased the IRS-1 expression. In HUVEC and
Eahy926 cell lines, miR-149 prevented endothelial dysfunction by
blocking TNF-	-induced MMP-9 expression (54). As mentioned
earlier, significant increases in IL-6, IL-12, and IL-1
 production
occurred following miR-99b knockdown in DCs, suggesting its
strong anti-inflammatory function (49). It is also interesting that
the induction of anti-inflammatory miRNAs in the THC/SIV
group was not detectable until 60 days p.i., suggesting that alter-
native mechanisms may be involved in THC-mediated protective
effects during early infection. These may involve histone modifi-
cations, another important epigenetic mechanism regulating pro-
inflammatory gene transcription. Additional mechanisms may in-
volve the early induction of anti-inflammatory cytokines such as
IL-10 and T regulatory cells.

To determine the functional significance of miR-99b upregu-
lation in the THC/SIV group specifically, we next focused on
NOX4, a predicted miR-99b target and a major generator of ROS
in epithelial cells (54, 55). Further, based on in situ hybridization
studies, miR-99b was found to be predominantly localized to the
duodenal epithelium of both VEH/SIV- and THC/SIV-infected
macaques. Interestingly, a significant increase in the number of
NOX4� crypt epithelial cells was detected in the VEH/SIV group
compared to the THC/SIV group. Luciferase reporter assays pro-
vided strong evidence that NOX4 can be directly targeted by miR-
99b through binding to its 3=UTR, resulting in its reduced expres-
sion in the intestine of THC/SIV macaques. In contrast, decreased
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miR-99b expression, as revealed by qRT-PCR (Fig. 3C) in the
intestines of VEH/SIV macaques, was accompanied by an in-
creased number of NOX4� crypt epithelial cells (Fig. 4A and B).
These findings show that THC could exert protection from SIV
disease progression by selectively modulating the expression of a
panel of miRNAs with anti-inflammatory functions. More impor-
tantly, miR-99b-mediated downregulation of NOX4 represents a
potential epigenetic mechanism by which THC protects the intes-
tinal epithelium against oxidative stress, as NOX4 expression in
epithelial cells has been reported to result in constitutive ROS
production mainly on internal membranes (56, 58). In addition to
miR-99b, NOX4 can also be targeted by other miRNAs, and its
expression can be regulated by other epigenetic mechanisms such
as histone modifications. Because lipopolysaccharide (LPS) has
been shown to reduce colonic epithelial cell viability by inducing
NOX-dependent ROS generation (56), the increased number of
NOX4� enterocytes in the VEH/SIV macaques indicates the acti-
vation of epithelial cells by oxidative stress (61) or possibly by
luminal bacteria and their products acting via Toll-like receptor 4
(TLR4) (62). Accordingly, uncontrolled oxidative stress resulting
from NOX4 hyperactivity can lead to epithelial cell apoptosis/
death (54, 63), causing disruption of the epithelial barrier, micro-
bial translocation, systemic immune activation, and HIV/SIV dis-
ease progression.

In summary, the present study provides novel information
on the epigenetic effects of �9-THC, particularly via anti-in-
flammatory miRNA induction in the intestine of uninfected
and SIV-infected macaques. We previously showed that THC
administration protected the intestine epithelium against infec-
tion/inflammation-induced cell death in chronically SIV-infected
rhesus macaques. In the present study, we show that THC may
exert similar protective effects on the intestinal epithelium from
acute infection-induced inflammation and cell death by modulat-
ing the expression of anti-inflammatory miRNAs during acute
SIV infection. Among the several miRNAs, we show that miR-99b,
by mediating downregulation of NOX4, could protect the intesti-
nal epithelium from the damaging effects of oxidative stress.

While we have identified several THC-induced anti-inflamma-
tory miRNAs, future studies are needed to determine the specific
mucosal compartment (epithelial versus lamina propria) contrib-
uting to the upregulation. While cannabinoid-activated signaling
in the brain is transduced primarily via the CB1 receptor (64), the
anti-inflammatory effects of THC in the GI tract are mediated
predominantly via increased CB2 receptor expression (18, 19). In
this regard, future studies using CB2-blocking agents such as an-
tibodies or small molecule inhibitors/antagonists are needed to
determine if miR-99b-mediated NOX4 downregulation is a direct
or indirect effect of THC. Another important and interesting
finding in the present study was that THC administration
to uninfected and SIV-infected macaques positively regulated
the expression of several miRNAs that have been predicted by
bioinformatics to target CXCL12. Future studies are also needed
to confirm whether THC administration negatively impacts
CXCL12 protein expression, as this chemokine plays a critical role
in the trafficking of inflammatory cells into the intestinal lamina
propria. The possible reduction of inflammation by THC-in-
duced miRNAs warrants further investigation in other target or-
gans and is currently the focus of ongoing investigations.
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